Protein from lupin is supposed to have anti-atherogenic effects due to its lipid-lowering properties in laboratory animals. It is further suggested that the amino acid cysteine plays a crucial role in this aspect. The objective of the present study was to compare the effects of lupin protein and cysteine-supplemented casein with those of casein on atherosclerotic lesion development in apoE-deficient mice. For that purpose, thirty mice were fed an egg albumin-based Western-type diet containing test protein (100 g/kg) for 4 months. ApoE-deficient mice fed the lupin protein or the cysteine-supplemented casein had more than 50 % less aortic calcification than mice fed casein (P,0·05). The quantified lesion area as a percentage of the total surface area, as well as the collagen and fat content of the lesions were not different between the three groups of mice. The concentration of VLDL TAG was higher in mice fed the lupin protein and the cysteine-supplemented casein than in mice fed casein (P, 0·05). The cholesterol concentrations of VLDL, LDL and HDL from mice fed the lupin protein and cysteine-supplemented casein were not different compared with the mice fed casein. Also, the plasma concentrations of homocysteine, Ca, inorganic phosphate, and the activity of glutathione peroxidase in plasma and liver did not differ between the three groups of mice. The present study shows that lupin protein and cysteine-supplemented casein compared with casein reduce the calcification of atherosclerotic lesions in apoE-deficient mice. This effect seems not to be mediated by effects on plasma lipoproteins, homocysteine and circulating minerals.
Varieties of sweet lupin have been cultivated for centuries for domestic animal feed, but also for human nutrition, mainly in several parts of Australia, Europe and South America. Their use in the food industry is being developed, and lupin protein is beginning to replace soyabean protein in several food products (1) . It is a well-known fact that soyabean protein compared with casein has a hypolipaemic action in human subjects and animals (2) . Recent studies have shown that protein extracts from white lupin (Lupinus albus) are also capable of lowering plasma cholesterol (3, 4) and TAG concentrations (5, 6) in hypercholesterolaemic laboratory animals. A recent study has further shown that isolated protein from lupin reduces focal plaque development in the common carotid arteries in a rabbit model of atherosclerosis (4) . The authors suggest that the anti-atherosclerotic effect of lupin protein is caused by the hypocholesterolaemic effect of the lupin protein which was observed in that study compared with casein.
To further elucidate the anti-atherogenic effects and mechanism(s) of lupin protein, other animal models should also be used to fully reproduce human atherosclerotic lesions. ApoEdeficient mice are currently regarded as one of the most appropriate animal models for human atherosclerosis because they develop severe hypercholesterolaemia and atherosclerotic lesions that are similar in distribution and appearance to those observed in humans (7, 8) . Thus, the present study aimed to investigate the effects of a protein from blue lupin (L. angustifolius) compared with casein on circulating plasma lipids and the development of atherosclerotic lesions by using apoE-deficient mice as a model. In most rat studies dealing with the effects of plant proteins on lipid metabolism the test protein was added to the diet in large amounts up to 25 % as an exclusive protein source (9, 10) . However, such large amounts of lupin protein are unrealistic in practical nutrition and the use of lupin protein as an exclusive protein source involves the risk that essential amino acids do not meet the requirement for growing mice. Therefore, we decided to add the dietary test proteins in amounts of 10 % to an egg albumin-based diet. Casein was used as a reference protein because most of the previous studies which investigated the effects of plant proteins, including lupin protein, on lipid metabolism or atherosclerosis used casein as a control protein (3 -5,10,11) . A series of experiments dealing with the effects of dietary proteins on lipid metabolism supports a role of individual amino acids in alteration of lipid levels and subsequently in atherogenesis (12, 13) , although it is not yet clear which of the amino acids could be responsible for the lipid-lowering action. We assume that cysteine could be one of these amino acids because lipid-lowering proteins such as soyabean protein (9) , fish protein (14) and also lupin protein (5, 6) contain higher amounts of cysteine than casein. Balb/cA mice treated with five cysteine-containing agents had significantly lower concentrations of TAG and cholesterol in plasma and liver (15) , and mice fed a high-fat diet with cysteine-containing compounds had a lower synthesis of TAG and cholesterol in liver (16) than mice fed a diet without cysteine. Therefore, besides lupin protein, we also tested the effect of a cysteinesupplemented casein diet on the development of atherosclerotic lesions.
In addition to the analysis of plaque development and concentrations of lipids in plasma and lipoproteins, plasma concentrations of homocysteine, Ca, inorganic phosphate and glutathione, the activities of glutathione peroxidase (GPx) in plasma and liver, the concentrations of cholesterol oxidation products in LDL and the expression of hepatic genes involved in lipid metabolism should help to elucidate possible mechanisms by which dietary proteins may influence atherogenesis.
Materials and methods

Animals and diets
A total of thirty male apoE-deficient mice (B6.129P2-Apoe tm1Unc /J mice; Charles River Laboratories, Brussels, Belgium) with an initial body weight of 24·0 (SD 1·5) g were randomly assigned to three groups of ten mice each. All mice were kept individually in Macrolon cages in a room maintained at 22 (SD 2) 8C and 50 -60 % relative humidity with lighting from 06.00 to 18.00 hours.
The mice were fed a semi-synthetic Western-type diet which contained 210 g lard/kg, 1·5 g cholesterol/kg and 200 g protein/kg which consisted of 100 g egg albumin/kg in order to meet the amino acid requirements of the mice and 100 g test protein/kg. The group fed 100 g casein/kg served as a control. The experimental proteins consisted either of protein from blue lupin or of casein supplemented with cysteine. All diets were freeze-dried to ensure the integrity of the test proteins and to avoid formation of Maillard products. The composition of the semi-synthetic diets is shown in Table 1 . Vitamins and minerals were supplemented according to recommendations of the American Institute of Nutrition (AIN)-93M (17) . Nipple drinkers allowed free access to water.
The experimental diets were fed for 16 weeks. Body weight and food intake were recorded weekly.
Preparation and characterisation of the dietary proteins
Casein was obtained from Meggle (Wasserburg, Germany) and was not further processed. The protein isolate of the blue lupin was obtained from the Fraunhofer Institute (IVV, Freising, Germany); it was extracted from de-oiled lupin seeds and separated by procedures as described elsewhere (18) . Isoflavone concentrations of the lupin protein were analysed according to an HPLC method (19) . The concentrations of genistein, daidzein and genistin of the lupin protein used in the present study were below the detection limits of 2·22 mmol/kg for genistein, 1·18 mmol/kg for daidzein and 1·39 mmol/kg for genistin. The cysteine-supplemented casein was produced by mixing 95 % casein and 5 % cysteine. For analysis of the amino acid concentrations in the diets, samples were oxidised and then hydrolysed with 6 M-HCl. Separation and quantification of the amino acids were performed by ion exchange chromatography following post-column derivatisation in an amino acid analyser (Biotronic LC 3000; EppendorfBiotronic, Hamburg, Germany) (5) . The concentrations of amino acids in the experimental diets are shown in Table 2 . 
Sample collection
At the end of the experimental period of 16 weeks, mice were killed. Whole blood was collected into EDTA in polyethylene tubes and plasma was separated by centrifugation at 1500 g for 10 min at 48C. Plasma samples were stored at 2 208C. Livers were excised, weighed and immediately snap-frozen in liquid N 2 and stored at 2 808C.
Analysis of plasma and liver lipids
Plasma VLDL, LDL and HDL were separated by step-wise ultracentrifugation (900 000 g at 48C for 1·5 h; Mikro-Ultrazentrifuge, Sorvall Products, Bad Homburg, Germany) by appropriate density cuts (VLDL, 0·95 , r , 1·006 kg/l; LDL, 1·006 kg/l , r , 1·063 kg/l; HDL, r . 1·063 kg/l). Plasma densities were adjusted by sodium chloride and potassium bromide. Lipids from liver were extracted with a mixture of n-hexane and isopropanol (3:2, v/v) and the concentrations of lipids in liver were determined after drying a sample of the lipid extracts and dissolving the lipids with Triton-X (5) . Concentrations of cholesterol and TAG in plasma lipoproteins and liver were examined using enzymic reagent kits (catalogue no. 1.1300 99 90 314 and catalogue no. 1.5760 99 90 314; DiaSys Diagnostic Systems, Holzheim, Germany).
Tissue preparation and morphometric determination of atherosclerosis
The aortic preparation and histological methods were performed according to Teupser et al. (20) and Mueller et al. (21) . For preparation of the aortic root sections, the vasculature was perfused with 0·9 % NaCl, and the ventricular edge and approximately 1 mm of the aortic root were immediately dissected under a stereomicroscope and cryomounted in mounting medium (tissue freezing medium w , Jung; Leica Instruments, Nussloch, Germany). To quantify atherosclerosis at the aortic root, serial 10 mm thick slices (CM1800 microtome, Jung; Leica) were collected, beginning at the aortic valve area (point 0). Four sections each were stained with haematoxylin-eosin (sections from 0 to 40 mm), Goldner's trichrome for collagen structures (sections from 80 to 120 mm), von Kossa for vascular calcification (sections from 160 to 200 mm) and Oil red O for vascular lipids (sections from 240 to 280 mm). Histomorphological characterisation and computerised morphometric quantification (Zeiss-Axiolab microscope (Carl Zeiss, Jena, Germany); TK-1070E colour video camera (JVC, Yokohama, Japan); LuciaG 3.2 software (Laboratory Imaging, Prague, Czech Republic)) of the atherosclerotic lesions were performed, blinded to the protocol. The cross-section surface area of the total vessel, the cross-section surface area of the lesion, the calcification area, the collagen area and the lipid area were assessed. The relative lesion area (expressed relative to the total surface area), the relative collagen area (expressed relative to the lesion area), the relative lipid area (expressed relative to the total surface area) and the relative calcification area (expressed relative to the total surface area) were used to show individual atherosclerosis development in the aortic root.
Analysis of plasma and liver concentrations of cysteine, homocysteine and total glutathione in plasma and liver For measurement of hepatic total homocysteine (free homocysteine, homocysteine disulfides and homocysteine -cysteine mixed disulfides), cysteine and total glutathione (reduced and oxidised form) concentrations, samples of liver were thawed and homogenised in ice-cold PBS. Concentrations of plasma and liver cysteine, homocysteine and total glutathione were determined by HPLC (22) . The homogenates of liver and the plasma samples were applied to an HPLC column (LiChrospher 100 RP-18e, 250 £ 4 mm 2 , 5 mm, 308C; Hewlett-Packard, Waldbronn, Germany). The mobile phase was a 0·1 M-acetate buffer containing 2 % (v/v) methanol (pH 4·0) and a 0·1 Mphosphate buffer containing 3 % (v/v) methanol (pH 6·0). Samples (10 ml) were injected, the flow rate was 1·1 ml/min, and the elution was monitored at an excitation wavelength of 385 nm and an emission wavelength of 515 nm.
Analysis of glutathione peroxidase activity in plasma and liver
GPx activity in plasma and liver was determined indirectly by a method of Levander et al. (23) . In brief, the GPx activity was determined at 378C by recording the decrease in absorbance at 340 nm following the oxidation of NADPH in the presence of butyl hydroperoxide (Fluka, Buchs, Switzerland), reduced glutathione (Sigma, Deisenhofen, Germany) and yeast glutathione reductase (Fluka). For measurement of hepatic GPx activity, liver samples were homogenised in five volumes (w/v) of 10 mM-phosphate buffer (pH 7·4) with a Potter's homogeniser (Braun, Melsungen, Germany). The homogenates were then subjected to differential centrifugation at 1000 g for 10 min, 15 000 g for 10 min and 105 000 g for 1 h at 48C (Mikro-Ultrazentrifuge). The supernatant fractions were used for the measurement of GPx activity. GPx activity in liver was related to the protein concentration (24) . The GPx activity from liver is expressed as units of mmol NADPH consumed/min per mg protein. Plasma GPx activity is expressed as units of mmol NADPH consumed/min per ml.
Analysis of calcium and inorganic phosphate in plasma
The concentration of Ca in plasma was measured by inductively coupled plasma optical emission spectrometry (JY 24; Jobin Yvon, Division d'Instruments S.A., Lonjumeau, France) at a wavelength of 393·366 nm. The plasma concentration of inorganic phosphate was measured spectrophotometrically according to the manufacturer's protocol (Fluitest PHOS; Biocon Diagnostik, Vöhl/Marienhagen, Germany).
Analysis of cholesterol oxidation products in LDL
Concentrations of cholesterol oxidation products in the LDL fraction were determined by liquid chromatographyatmospheric pressure chemical ionisation MS according to a recently described method (25) using an API 2000 (Applied Bioscience, Darmstadt, Germany) coupled with an Agilent 1100 HPLC (Agilent, Waldbronn, Germany) after sample preparation by saponification and solid-phase extraction (26) .
Gene expression analysis
For the determination of hepatic mRNA expression levels of acyl-CoA oxidase (EC 14.99.5), total RNA was isolated using TRIZOLe reagent (Invitrogen, Karlsruhe, Germany) according to the manufacturer's instructions. RNA concentration and purity were estimated from the optical density at 260 and 280 nm, respectively. Total RNA (1·2 mg) was subjected to firststrand cDNA synthesis at 428C for 60 min using M-MuLV RT (MBI Fermentas, St Leon-Rot, Germany) and oligo dT18-primer (Operon Biotechnologies, Cologne, Germany). The mRNA concentrations of genes were measured by realtime PCR using the RotorGene 2000 system (Corbett Research, Mortlake, NSW, Australia). Real-time detection was performed by using SYBR w Green I (Sigma), 1.25 U Taq DNA polymerase (Promega, Mannheim, Germany), 500 mM-dNTPs and 26·7 pmol of the specific primers (Operon Biotechnologies; Table 3 ). Each PCR cycle comprised denaturation for 20 s at 958C, annealing for 30 s at a primer-specific temperature (58 -658C) and elongation at 728C for 55 s. The intensity of fluorescence in all probes was measured at the end of the elongation step. For determination of mRNA concentration, threshold cycle (C t ) and amplification efficiency were obtained from each amplification curve using the software RotorGene 4.6 (Corbett Research). Melting-curve analysis and agarose (1 %) gel electrophoresis were performed for identification of the PCR products. The housekeeping gene b-actin was used for normalisation.
Statistics
Data were treated by one-way ANOVA using MINITAB software (Minitab, State College, PA, USA). For statistically significant F values (P,0·05), means of the three groups were compared by Fisher's multiple-range test. Means were considered significantly different at P,0·05.
All experimental procedures described followed established guidelines for the care and handling of laboratory animals (27) and were approved by the Committee on Animal Care (Halle, Saxony-Anhalt, Germany; approval number 42505-3-508).
Results
Food intake, body weight and liver weight
The daily food intake, the final body weights and also liver weights were similar in all groups of mice (Table 4) .
Lipid concentrations in plasma lipoproteins and liver
Mice fed the lupin protein diet and the cysteine-supplemented casein diet had higher concentrations of TAG in VLDL than mice fed the control diet with casein (P,0·05; Table 4 ). The concentrations of TAG in the liver were not significantly influenced by the dietary treatments. The cholesterol concentrations in VLDL, HDL and liver were not different between the three groups of mice (Table 4) . Mice fed the cysteinesupplemented casein diet had lower LDL-cholesterol levels than mice fed the lupin protein diet (P, 0·05). No difference in LDL-cholesterol was observed between the group fed the lupin protein diet and the group fed the casein diet.
Aortic atherosclerosis
Analysis of the aortic root sections showed that all mice had severe atherosclerosis. All plaques had an intact surface without rupture or luminal thrombosis. Compared with the control mice fed casein, significantly less calcified area was observed in the mice fed the lupin protein diet and the cysteinesupplemented casein diet (P, 0·05; Figs. 1(A) and 2(A)). Mean atherosclerotic lesion size ( Fig. 1(B) ), levels of collagen Cysteine, homocysteine, glutathione concentrations and glutathione peroxidase activity in plasma and liver, and plasma concentrations of calcium and inorganic phosphate
The concentration of cysteine in plasma did not differ between the three groups of mice (Table 5 ). Mice fed the casein diet supplemented with cysteine had higher cysteine concentrations in their livers than mice fed the control diet with casein or the lupin protein diet (P, 0·05). The concentration of homocysteine in plasma and liver was not different between the three groups of mice. The concentration of total glutathione in plasma was lower in mice fed the lupin protein diet and the cysteine-supplemented casein diet than in mice fed the control diet with casein (P, 0·05); however, the hepatic glutathione concentration was not influenced by the diets (Table 5 ). The activity of GPx in plasma and liver and the plasma concentrations of Ca and inorganic phosphate were not different between the three groups of mice (Table 5) .
Concentrations of cholesterol oxidation products in the LDL fraction
The concentration of 7b-hydroxycholesterol in the LDL fraction tended to be higher in mice fed cysteine-supplemented casein than in mice fed lupin protein or casein (P¼0·056). The mice fed cysteine-supplemented casein had a higher concentration of 7-keto-cholesterol in the LDL fraction than the mice fed lupin protein or casein alone (P, 0·05).
Hepatic mRNA concentrations of genes involved in lipid metabolism
The hepatic mRNA concentrations of PPARa, acyl-CoA oxidase, apoA5, hepatic lipase and LPL (involved in TAG catabolism), the hepatic mRNA levels of sterol regulatory element-binding protein-1c, FAS and stearoyl-CoA desaturase 1 (involved in TAG synthesis) as well as the mRNA levels of the LDL receptor were not different between the group fed the lupin protein and the control group fed casein (data not shown). Mice fed the cysteine-supplemented casein diet had a higher hepatic mRNA concentration of LPL than mice fed the casein or lupin protein diet (1·00 (SD 0·49), 1·06 (SD 0·45) and 2·09 (SD 1·19) for the casein, lupin protein and cysteine-supplemented casein groups, respectively; P, 0·05). They also had a lower mRNA concentration of FAS than mice fed the casein or lupin protein diet (1·00 (SD 0·34), 0·86 (SD 0·60) and 0·44 (SD 0·21) for the casein, lupin protein and cysteine-supplemented casein groups, respectively; P, 0·05).
Discussion
In the present study we addressed the question whether lupin protein and cysteine-enriched casein can affect atherosclerosis development compared with casein. All animals developed atherosclerosis within 4 months, which was quite apparent by the significant lesions in the whole aorta. As a main finding we could demonstrate for the first time a significant reduction of calcified areas in the aortic plaque lesions by more than 50 % in mice fed protein from blue lupin and cysteinesupplemented casein compared with mice fed casein alone. However, lesion sizes, lesion collagen and lipid contents were not influenced by the type of dietary protein. It is well known that atherosclerotic lesions progress from fatty streaks through stages that include atheroma with large necrotic areas, fibro-fatty nodules containing chondrocyte-like cells and highly calcified, acellular plaques. Until recently, vascular calcification was considered to be a passive, degenerative, end-stage process of vascular disease. Merging evidence, however, suggests that calcification occurs much earlier in atherosclerosis than previously believed and that it involves complex regulated mechanisms (28) . Vascular calcification reduces elasticity, increases resting vascular smooth muscle tone and vascular stiffness, raises blood pressure, and is associated with cardiovascular morbidity and mortality (29, 30) . On the other hand, it has been suggested that a highly calcified fibrous cap may create a barrier that protects plaques from rupture (31) . Interestingly, investigations into the size and distribution of calcified deposits in atherosclerotic plaques have suggested that diffuse, 'speckled', or 'spotty' deposits cause local plaque stress and plaque instability, whereas large plate-like areas of calcification correlate with stable plaques (32 -34) . It has been further found that speckled calcified deposits are commonly found in ruptured coronary plaques (32) . In the present study all mice seemed to have speckled calcified deposits but mice fed the lupin protein and the cysteine-supplemented casein had a smaller number of calcified spots than the mice fed casein. Thus, we can speculate that mice fed with lupin protein and cysteine could have less plaque stress and more plaque stability than mice fed the casein diet.
Vascular calcification has been shown to be regulated by promoting factors, such as inorganic phosphate (35) , oxidative modified LDL (35) , oxidative stress (36) , mild hyperhomocysteinaemia (37) , hypercholesterolaemia (38) and hypertriacylglycerolaemia (39) . In the present study the lipid concentrations in plasma and lipoproteins cannot account for the observed effects on aortic calcification because the cholesterol in lipoproteins was not affected by the dietary treatments and the TAG in VLDL was even higher in mice fed lupin protein and cysteine-supplemented casein than in the control mice fed casein. The failure of lupin protein and cysteine to have a lipid-lowering effect is in contrast to other studies in which lupin protein (3, 4) and cysteine-containing compounds (15, 16) exerted cholesterol-and TAG-lowering properties. We speculate that the use of the apoE-deficient mouse model could be the reason for the failure of the lupin protein and cysteine to reduce circulating lipids because isolated soya protein, a potential lipid-lowering protein, exerts also no effects on plasma lipids in apoE-deficient mice (11, 40) . Despite the lack of effect on plasma lipids in these studies, isolated soya protein fed to apoE-deficient mice was capable of reducing atherosclerotic processes (11, 40) , and recent data further confirm that aortic calcification seems to be partly independent of serum cholesterol levels (41) . VLDL TAG, which are increased in the mice fed lupin protein or cysteine-supplemented casein, are formed in the liver and their amounts in plasma depend on the balance between formation in the liver and degradation. The observed effects on VLDL TAG could not be explained on the basis of alterations in gene expression because the relative mRNA concentrations of genes involved in TAG catabolism such as LPL, hepatic lipase, apoA5, PPARa and acyl-CoA oxidase or genes involved in TAG synthesis such as sterol regulatory element-binding protein-1c, FAS and stearoyl-CoA desaturase 1 were not altered in these animals compared with the controls. Further studies should be performed by using other atherosclerosis models such as LDL receptor-deficient mice to elucidate whether the observed TAG-raising effect is only observed in the apoE-deficient mouse model.
In addition to the classical Framingham risk factors, disturbed Ca and P metabolism may contribute to the development of vascular calcification. An increasing number of studies are providing direct evidence for the role of inorganic phosphate concentration in plasma in the development of vascular calcification (42, 43) . Data obtained from the present study did not show any differences in the plasma concentrations of Ca and inorganic phosphate between the three groups of mice. Thus, the circulating minerals could not explain the differences in vascular calcification. The lupin protein diet differs from the casein diet in the proportion of methionine (3·6 v. 5·8 g/kg diet) and cysteine (3·7 v. 2·8 g/kg diet). In light of the recently clarified role of these amino acids in atherogenesis, it was expected that the high proportions of methionine in casein would result in more homocysteine, which would lead to the development of calcification (44) . In the present study, plasma concentrations of homocysteine were not different between the treatment groups.
Oxidative stress may accelerate vascular calcification (36) , and we assume that the antioxidative potential of cysteine could have contributed to an improved antioxidant status. Cysteine is a precursor of glutathione, one of the most important antioxidants in mammalian cells, and a high concentration of glutathione makes the molecule an effective redox buffer to adsorb excessive free radicals (45) . The liver is the principal contributor to the de novo glutathione synthesis and controls the distribution of glutathione toward the peripheral organs (46) . It was further found that cysteine availability is often limiting for synthesis of glutathione (47) . However, glutathione concentrations in the liver and GPx activities in the liver and plasma were not different between the groups of mice, and plasma concentration of glutathione was even lower in mice fed the cysteine-supplemented casein than in mice fed casein alone.
Other factors which are known to stimulate vascular calcification are oxidised derivatives of cholesterol, known as oxysterols (48, 49) . Indeed, 7b-hydroxycholesterol and 7-ketocholesterol, which are major components of oxidised LDL, are known to contribute to the genesis of atherosclerosis and vascular calcification (48 -50) . Although all groups of mice had relatively low concentrations of oxysterols, mice fed cysteine-supplemented casein had higher concentrations of both oxysterols in the LDL fraction than mice fed lupin protein or casein without additional cysteine. Thus, oxysterols in LDL also do not provide an explanation for the effects of lupin protein and cysteine on calcification.
In summary, the present study confirmed that lupin protein and cysteine-enriched casein appear to cause a shift in plaque morphology without affecting plaque size in the apoEdeficient mouse model. Although the mechanisms by which lupin protein and cysteine reduce the calcification process in the aortic root remain unclear, we conclude that the consumption of lupin protein and cysteine-rich proteins decelerate a very problematic stage of atherogenesis, even though the findings are restricted to the apoE-deficient mouse model since apoE deficiency is not common in humans. We also conclude that this effect was not mediated by effects on plasma lipoproteins, homocysteine, Ca, inorganic phosphate, or oxidative or antioxidative parameters.
